ABSTRACT NHERF1 is a multidomain scaffolding protein that assembles signaling complexes, and regulates the cell surface expression and endocytic recycling of a variety of membrane proteins. The ability of the two PDZ domains in NHERF1 to assemble protein complexes is allosterically modulated by the membrane-cytoskeleton linker protein ezrin, whose binding site is located as far as 110 Å ngstroms away from the PDZ domains. Here, using neutron spin echo (NSE) spectroscopy, selective deuterium labeling, and theoretical analyses, we reveal the activation of interdomain motion in NHERF1 on nanometer length-scales and on submicrosecond timescales upon forming a complex with ezrin. We show that a much-simplified coarse-grained model suffices to describe interdomain motion of a multidomain protein or protein complex. We expect that future NSE experiments will benefit by exploiting our approach of selective deuteration to resolve the specific domain motions of interest from a plethora of global translational and rotational motions. Our results demonstrate that the dynamic propagation of allosteric signals to distal sites involves changes in long-range coupled domain motions on submicrosecond timescales, and that these coupled motions can be distinguished and characterized by NSE.
INTRODUCTION
Protein dynamics can initiate and control protein function. Protein motion regulates the transition-state dynamics of enzyme catalysis (1, 2) , and protein motion is proposed to contribute significantly to the propagation of allosteric signals (3) . Information arising from ligand binding can be communicated to a distal site in a protein by altering internal dynamic modes (4) . Much has been learned about local sidechain dynamics and backbone motion within a single protein domain, which are essential elements to facilitate large functional conformational changes. However, protein motion on nanometer length-scales and on nanosecond-to-microsecond timescales remains an elusive goal, because this is a spatialtemporal regime that has not been reached by existing biophysical techniques. Currently, there is an important information gap, on nanoscales, between the structural dynamics occurring at atomic resolution and the cellular organization and dynamics on the much larger micron length-scales and slower timescales. We stress that this information gap is both spatial and temporal.
To illustrate the importance of this spatiotemporal regime, we consider a specific problem. A critical phenomenon in cells is the clustering of receptors and channels in cell membranes, an event that is employed by diverse biological processes including receptor signaling, cell homeostasis, synaptic neuronal activities, and the activation of immune response (5) . The assembled macromolecular complexes control the speed, the duration, and the strength of signal transduction, and organize biochemical reactions into hierarchical signaling pathways and networks. Adapters and scaffolding proteins, composed of multiple protein-protein interaction modular domains, have emerged as important molecular mediators and switches that control the association/dissociation and clustering of macromolecular signaling complexes (6) . Although we know much about the structure and function of individual modules that compose adapters and scaffolding proteins, their overall dynamic architectures, and in particular the long-range motion properties of scaffolding proteins that control the function of assembled macromolecular signaling complexes, remain a largely unexplored territory. Protein motions on nanoscales are indispensible for relaying signals allosterically in the cellular networks (7) . This concept is emerging as a powerful theme in cell signaling. The mammalian Na þ /H þ exchange regulatory factor 1 (NHERF1) is a multidomain scaffolding protein that assembles membrane protein complexes (8, 9) . NHERF1 consists of two PDZ-1 and PDZ-2 domains, and a C-terminal (CT) domain (see Fig. 1 ). The PDZs are modular protein-protein interaction domains that bind the cytoplasmic tails of a number of important transmembrane proteins. Notable functions of NHERF1 include assembling signaling complexes and regulating the cell surface expression and endocytic recycling of cystic fibrosis transmembrane conductance regulators, cell surface adhesion and antiadhesion proteins, G-protein coupled receptors, and tyrosine kinase receptors. NHERF1 thus participates in regulating multiple signaling pathways.
An important feature of NHERF1 is its CT domain binding to ezrin and to other ezrin-radixin-moesin (ERM) proteins. Ezrin is a member of the ezrin/radixin/moesin family of proteins that function as linkers between the cell membranes and the actin cytoskeleton (10, 11) . ERM proteins are regulated by head-to-tail intramolecular interactions between the N-terminal FERM domain and the C-terminal actin-binding domain. Upon activation, the FERM domain binds to target membrane proteins either directly or indirectly through NHERF1, while the C-terminus of ezrin interacts with the actin filament. Because NHERF1 and ezrin link membrane proteins to the actin cytoskeletal network, they form a communication bridge between the plasma membrane proteins and the actin cytoskeleton.
Recent studies reveal that the ability of NHERF1 to assemble protein complexes is allosterically regulated (12) (13) (14) (15) . Ezrin positively modulates the cooperative interactions of NHERF1 with target membrane proteins. We have previously shown that when the FERM domain of ezrin is bound to the ezrin-binding domain (EBD) of NHERF1, the binding affinity of PDZ2 for the C-terminal domain of CFTR increases 24-fold (12) . Moreover, the binding affinity of PDZ1 for the target protein also increases 18-fold upon FERM binding, even though PDZ1 is 110 Å away from the ezrin-binding binding site. Ezrin binding can also activate NHERF1 to assemble a heterogeneous complex, PTEN at PDZ1 and b-catenin at PDZ2 (13) . A more recent study shows that ezrin binding to NHERF1 positively regulates the interactions of NHERF1 with PDZK1, which is a four-PDZ domain scaffolding protein that belongs to the NHERF family of proteins (15) . Further, the allosteric communication between the two PDZ domains of NHERF1 is demonstrated by mutations in PDZ1 that reduces the binding affinity of PDZ2, or occupancy of a ligand in PDZ1 that enhances the binding capability of PDZ2 (15) .
Our solution small angle x-ray (SAXS) and neutron scattering (SANS) and NMR studies reveal that NHERF1 alone adopts an elongated structure of 140 Å with three domains ( Fig. 1) (12, 14, 16, 17) . The PDZ2 and CT domains of NHERF1 are in close contact with each other through weak intramolecular interactions between PDZ2 and a PDZ-binding motif at the C-terminus of the largely disordered but collapsed CT domain. Here we point out that, because NHERF1 adopts an elongated shape with PDZ1 well separated from the CT domain, PDZ1 is unlikely to interact directly with the CT domain through intramolecular interactions. Upon binding to the FERM domain of ezrin, both NMR and contrast variation SANS show that the intramolecular domain-domain interactions between PDZ2 and CT are released. The CT domain becomes largely unfolded, and the linker region between PDZ1 and PDZ2 becomes extended. Together with the biochemical studies, these studies suggest that ezrin binding to NHERF1 induces long-range interdomain allostery in NHERF1. NHERF1 transmits allosteric signals from the ezrin-binding site in the CT domain to both PDZ domains over a long distance of~110 Å so as to assemble protein complexes (see Fig. 1 ). NHERF1 and ezrin thus allosterically relay the signals from the F-actin cytoskeletal network to control the assembly of protein complexes at the cell membrane.
Here we use neutron spin echo (NSE) spectroscopy to reveal the activation of long-range, nanoscale interdomain motion in this multidomain scaffolding protein. NSE spectroscopy is a quasielastic neutron scattering technique that determines the time-space correlation function on timescales from subnanosecond to submicrosecond, and on length-scales from several Å ngstroms to several hundred Å ngstroms (18) . NSE can determine long-range relaxation processes in a macromolecule (19) . NSE has the potential to reveal the global shape fluctuations and protein domain motions in a protein or within a protein complex on length-scales comparable to their overall sizes (20) (21) (22) , thus filling an important spatial-temporal gap in the study of protein dynamics.
Previously, we have applied NSE to determine internal motion in Taq polymerase (21) . In that study, we explained how NSE reveals protein domain motion by allowing one to test models of the mobility tensors for protein domains. Here we employ NSE spectroscopy and selective deuteration to reveal the activation of long-range protein domain motions in a multidomain scaffolding protein Na þ /H þ exchange regulatory factor 1 (NHERF1) upon forming a complex with ezrin. We present an improved theoretical framework for interpreting the NSE results.
METHODS AND MATERIALS

Protein preparation
The proteins used in this study were expressed in bacteria and purified as described previously (12, 14, 16 The cells were induced with 0.25 mM IPTG. The deuterium content of d FERM was measured by matrix-assisted laser desorption time-of-flight mass spectrometry (12, 14, 16 
Pulsed field gradient NMR experiments
Spectra were acquired at 10 C on an Avance 600 MHz spectrometer (Bruker BioSpin, Billerica, MA) equipped with a 5 mm z-axis gradient, triple resonance, cryogenic probe head. Self-diffusion rates were measured using a pulsed-field gradient-stimulated spin echo technique (23) . Each dataset contained 75 gradient experiments with the gradient strengths increased linearly from 5 to 60 G/cm, and all other delays and pulses held constant. Gradient pulses were applied for 5 ms with a diffusion delay of 80 ms. Sixteen transients were acquired per gradient experiment. The buffer condition is the same as in the NSE experiments.
Data were analyzed using the variable gradient least-square fitting routines in NMRPipe (24) , and, in all cases, protein resonances were fit with a single-exponential decay function using peak intensities for determination of the translational self-diffusion coefficient. The results represent average values obtained using intensities from a minimum of seven separate peaks in both the aromatic and aliphatic regions. The reported error contains the standard deviations in the diffusion coefficients obtained by fitting these individual resonances of each sample. The self-diffusion rates can be estimated from the Stokes-Einstein equation which assumes spherical molecules much larger than the solvent molecules. The fitting was calibrated using solvent signals and numerous known protein samples with a wide range of molecular mass.
NSE experiments
The NSE experiments were performed at the high-resolution IN15 NSE instrument at the Institute Laue-Langevin, Grenoble, France. Three different wavelengths were employed to best adapt to the resolution-intensity requirements. The 22 Å , 14.5 Å , and 10 Å wavelengths were covering 3.7-537 ns, 1.1-154 ns, and 0.35-50.5 ns time ranges of I(Q,t). The beam monochromatization in each case was 15% full width at half-maximum, as given by the neutron velocity selector. The samples were filled in quartz cells with 4-mm sample thickness and the temperature was controlled at 10.5 5 0.1 C. Instrumental resolution was measured on the standard Grafoil (GrafTech, Lakewood, OH), which gives a strong elastic coherent small angle scattering. Background was measured on the D 2 O buffer and the sample spectra were corrected using the relative transmissions following the standard procedures.
RESULTS
A theoretical scheme to extract protein domain motion from NSE is the magnitude of the scattering vector with q as the scattering angle, l as the wavelength of the neutron, t as the time, and r as the position of a nucleus. Like the static SANS, in the low Q region (such as the Q range employed in this NSE study), I(Q,t) is dominated by coherent scattering that corresponds to the cross-correlation G(r,t), i.e., the probability of finding a nucleus at position r i at time t ¼ 0 and finding another nucleus at position r j at time t.
A natural way to interpret the NSE data is to examine the effective diffusion constant D eff (Q) as a function of Q, which is determined by the normalized intermediate scattering function I(Q,t)/I(Q,0),
where I(Q,0) is the static form factor. Because I(Q,t)/I(Q,0) is generally amenable to a single-exponential fit in time (see Fig. 1 ), D eff (Q) can be accurately estimated by the first cumulant expression (21)
which is a generalization of the Akcasu-Gurol formula (25) to rotational motion (21) . Our notation follows Doi and Edwards (26) , which also provides an explication of relevant previous work in Bu et al. (21) . Here, b j is the scattering length of a subunit j, H T is the translational mobility tensor, and H R is the rotational mobility tensor. The coordinates of the various subunits (subunits can be atoms, dummy atoms, or domains), taken relative to the center of friction of the protein, are given by r j (note that by definition S r j ¼ 0); k B T is the usual temperature factor; and L j ¼ r j Â Q is the angular momentum vector for each coordinate. The brackets <.> denote an orientational average over the vector Q, so that
can be expressed in terms of the spherical Bessel functions j.
As we have discussed previously (21) , the Akcasu-Gurol approach described in Eq. 2 is valid for either rigid bodies or rigid-body subunits connected by soft spring linkers.
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The translational mobility tensor H T is defined by the velocity response v ¼ H T F to an applied force F, and the rotational mobility tensor H R is defined by the angular velocity response u ¼ H R t to an applied torque t. In practice, the structural coordinates of a protein may be obtained from high-resolution crystallography or NMR or from lowresolution electron microscopy, SAXS, or SANS. Comparison of the calculations in Eq. 2 to experimental D eff (Q) thus allows one to test models of the mobility tensors.
The mobility tensors have two sets of indices. First, there is the index that indicates the specific subunit under consideration, which we denote with Latin letters (m,n,.). There is also a second set of indices which indicate the spatial orientation (x,y,z). Generally, we will omit this second set of indices for clarity, and use a bold font to indicate vectors. For a rigid-body composed of N identical subunits, the translational mobility tensor H T is a matrix with N 2 identical 3Â3 elements This must be so, because H T yields the velocity response of, e.g., subunits B and C to a force applied to subunit A. If the mobility tensor components H AB and H AC are unequal, the velocity responses of B and C will be different, and the body will no longer remain rigid. Thus, the mobility tensor provides a direct indication of the existence of internal degrees of freedom.
The rotational mobility tensor H R for the entire protein is then derived by evaluating the torque by summing over all subunits m:
As shown in the Supporting Material, Eq. 3 generally yields the simple estimate D eff (Q/N) ¼ 2 D eff (Q ¼ 0) for rigid bodies composed of identical (e.g., nondeuterated) point subunits. We adopt the simplifying assumption that the three principal spatial components of the translational mobility tensor for each subunit are equal to ND 0 /(k B T) ¼ 1/z with z the friction constant of a subunit and D 0 the measured diffusion constant of the protein.
. Thus Eq. 3 yields the rotational mobility tensor H R via a straightforward inversion of a 3Â3 matrix (see Eq. A.2 in the Supporting Material). A fair estimate of the rigid-body D eff (Q) measured by NSE can therefore be made using only the coordinates and diffusion constant D 0 of the system. In the above calculation of H R , as well as below, we assume that the x, y, and z diagonal components of H T are equal for each subunit and are the only nonzero components. In general, of course, both the rotational and translational mobility tensors have different values for each of the three principal axes, so that there are six independent quantities for each domain. In a multidomain complex like NHERF1 bound to the FERM domain of ezrin, there are generally at least 24 independent quantities for the mobility tensor (three translational plus three rotational for each of the four subunits). These quantities are difficult to evaluate to the precision required to compare with NSE data. Programs such as HYDROPRO utilize continuum Navier-Stokes equations to estimate the mobility tensor components from structural coordinates (27) , but a continuum approximation is insufficiently accurate for our purposes because many structural features of a protein are of the same size as water molecules. By contrast, our simple approach requires neither complicated molecular dynamics simulations nor Navier-Stokes hydrodynamics. The effects of scattering length inhomogeneity can also be neglected as neutron scattering occurs mostly from hydrogen atoms.
For an object with internal domain motion, comparing the calculated D eff (Q) with data allows one to extract the relative degree of dynamic coupling between the various components of the system, for this dynamic coupling is defined by the mobility tensor. For example, a rigid twodomain system will be described by a mobility tensor,
with all elements of the tensor equal, and yields (via Eq. 2) the simple result that the translational contribution to the effective diffusion constant is given by
By contrast, a two-domain system with internal motion will possess a mobility tensor,
in principal coordinates. Thus, the application of equal forces to the two domains will result in their having different velocities, revealing internal motion. For the case where there is one internal translational mode between subunits 1 and 2 with
, the translational contribution to the effective diffusion constant is
Here, S 1 (Q) and S 2 (Q) are the form factors of the separate individual protein domains, while S(Q) is the form factor of the entire protein.
Orientational averages are performed, so that, e.g., S(Q) ¼ S j 0 (Qr); and S(Q) is normalized so that S(0) ¼ N 2 . Rotational diffusion will introduce additional contributions to the numerator, as per Eq. 2. The calculations we perform here consist of rigid-body motion (including both translational and rotational motion), and an internal translational mode as per Eqs. 4b and 4c. We stress that, in principle, it is possible to include the effects of arbitrary Biophysical Journal 99(10) 3473-3482 translational and rotational internal motion in the calculation (21) . Therefore, the combination of NSE and first cumulant analysis allows one to test complex models of the mobility tensors of the system, and extract dynamical information about the internal motion of the protein.
The dynamics of NHERF1 is well represented by a rigid-body model
The virtue of the above simple approach can be seen by comparing the NSE data D eff (Q) for unbound NHERF1 with the rigid-body calculation using Eqs. 2, 3, and 4a. The rigid-body calculation uses as input only the translational diffusion coefficient D 0 of NHERF1 obtained from pulsed-field gradient (PFG) NMR, and the dummy-atom structural coordinates (28) reconstructed from SAXS (14, 16) . Fig. 2 B shows that the calculated rigid-body D eff (Q) fits the NSE experimental data quite well, except at high Q where the experimental D eff (Q) is slightly smaller than the computed values. This is possibly due to fine structural differences from that represented by the coordinates reconstructed from SAXS. Thus, NHERF1 behaves essentially as a rigid-body on the time-and length-scales detected by our NSE experiment.
The rotational diffusion relaxation time 1/H R 0 can be estimated (via Eq. 3) to be~1000 ns. The Fourier time-window employed in our NSE experiments is between 0.3 and 200 ns. Thus, rotational diffusion is present in the time-window of the NSE experiments.
Binding to FERM activates interdomain motions in NHERF1
As one might expect from the unbound NHERF1, the salient features of protein domain motion, as viewed by NSE, can be understood in terms of simple models. We next use this direct approach and construct models of increasing sophistication to demonstrate domain motion in the complex of NHERF1 bound to the FERM domain of ezrin. Because our approach depends on few assumptions, it is subject to less unquantifiable uncertainty than a large-scale multiparameter fit or molecular dynamics simulation.
We have performed NSE experiments on two types of complexes of NHERF1 bound to the FERM domain of ezrin. One is the hydrogenated NHERF1 bound to hydrogenated FERM (NHERF1$ h FERM), and the other is hydrogenated NHERF1 bound to deuterium-labeled FERM (NHERF1$ d FERM). We then performed a series of computations of D eff (Q) for both the deuterated and hydrogenated complexes. When calculating D eff (Q) for the NHERF1$ d FERM complex, the scattering from the deuterated component is treated as invisible in Eq. 2 because the neutron scattering length density of the deuterated component contrast matches that of the D 2 O buffer background.
We have previously shown that deuteration does not cause aggregation or conformational changes in the NHERF1$FERM complex (14) . At low Reynolds number, the dynamics of a protein should not depend upon its mass, but rather upon its size (29) . Thus, the dynamics of the deuterated complex can be treated as similar to that of the hydrogenated complex. The PFG NMR results show that NHERF1$ h FERM and NHERF1$ d FERM complexes have very similar translational diffusion constants, in support of this assertion (Table S1 ). In our calculations, we thus always impose the constraint that the dynamics (and therefore the mobility tensors) of the hydrogenated and deuterated components are the same. As we show below, this provides a significant and essential constraint.
Using the same approach applied to NHERF1, we have first performed a rigid-body calculation of D eff (Q) for the deuterated NHERF1$ d FERM complex. The structural coordinates of the complex are the dummy atoms (30) reconstructed from SANS data (14) (shown in Fig. 3 A) , and the one constraint parameter D eff (Q ¼ 0) is the self-diffusion constant D 0 for this deuterated complex, taken from PFG NMR. We then use the same approach and parameter to compute the D eff (Q) of the hydrogenated NHERF1$ h FERM complex. As shown in Fig. 3 B, the agreement between the experimental data and rigid-body calculations is poor for FIGURE 2 NHERF1 alone can be described by a rigid-body model. (A) Three-dimensional shape of NHERF1 reconstructed from SAXS (14) using DAMMIN (28) . For illustration, the structures of the PDZ1 (PDB code: 1I92) and PDZ2 (PDB code: 2KJD) are docked into the three-dimensional shape using UCSF Chimera software (31) . EBD that interacts with PDZ2 is not marked. (Table S1 ).
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Domain Motion in PDZ Scaffolding Proteinboth the NHERF1$ d FERM and the NHERF1$ h FERM complexes. We stress that we use the same diffusion constant (from the deuterated complex shown in Table S1 ) for both complexes, because the dynamics at low Reynolds number is presumably identical for both the hydrogenated and deuterated complexes.
We argue that the difference between the experimental NSE results and dummy atom rigid-body calculations arises because of the internal motion of the protein. This internal motion produces various effects: First, the way in which internal motion manifests itself is through the fact that the mobility tensor associated with a protein with internal motion is different than the mobility tensor for a rigid-body. This was discussed above (see Eq. 4).
Second, it is essential to note that the evaluation of Eq. 2 implicitly requires an average over a distribution of particle densities. For the purposes of this calculation, the SAXS/ SANS dummy atom structural data may be an accurate representation for a rigid-body, but will be inaccurate for a protein with a significant degree of internal dynamics. This is because ab initio programs utilized for shape reconstruction from SANS or SAXS data typically produce an envelope of the calculated structure, in which the density inside the envelope is assumed constant. In a highly mobile object, the reconstructed shape may thus be a poor representation of the fluctuating structures. Thus, for example, if the linker regions between domains are highly mobile, the size of the linker regions may be overestimated, and the dummy atom shape reconstruction will not be a good representation of the entire protein. We speculate that the disagreement between the experimental NSE data and that computed from the SANS reconstructed shape model (Fig. 3 B) , is partly due to this variation of density within the reconstructed shape.
Thus, in the following, we construct two models incorporating these internal motion effects to understand the discrepancy between the calculations and experimental data. We first present a more detailed rigid-body model, in which the known high-resolution structural fragments of the PDZ1, PDZ2CT, and the FERM domains are docked into the three-dimensional shapes reconstructed from SANS (Fig. 3 A) using the software package UCSF Chimera (31). This docked model therefore incorporates a crude form of density variation within the complex, by ignoring the density of the linker regions. The mobility tensor for this first model is taken to be that for a rigid-body. It will be seen that this density variation alone does not yield a good comparison with the NSE data. We therefore construct a second docked model in which the mobility tensor used is that for interdomain motion between the two PDZ domains. It will be seen that the second model produces a sizeable improvement in explaining the data.
We now present the results of the calculations of D eff (Q) using the docked coordinates. As shown in Fig. 3 C, the rigid-body mobility tensor-docked calculations again provide poor fits to the NSE data for both the hydrogenated and deuterated complexes. The comparison thus suggests that NHERF1$ h FERM and NHERF1$ d FERM do not behave as rigid-bodies on the length-scales and timescales of the NSE experiments. This observation is supported by our previous SANS and NMR structural studies that find large conformational changes in NHERF1 upon binding to FERM (14, 17) . In particular, the region that links PDZ1 and PDZ2 becomes more extended, and the CT region of NHERF1 becomes largely unfolded upon binding to FERM. Thus, structural fluctuations in the complexes can become significant in the complex on the length-scales and timescales of the NSE experiments.
We next incorporate interdomain motion in the mobility tensor for the NHERF1$ d FERM and NHERF1$ h FERM complexes in our calculation. To compute D eff (Q) with domain motion using Eqs. 2, 3 and 4b, we use the coordinates of the docked model (Fig. 3 A) , and assume translational interdomain motion between PDZ1 and PDZ2 (Eq. 4b). Here we perform the calculation, as always, with only one adjustable parameter, the translational diffusion constant for each atom. Again, this parameter is adjusted so that D eff (Q) for the deuterated complex agrees with the value measured by PFG NMR. As with the above calculations, we use this same parameter for both the deuterated and hydrogenated complexes. When performing the calculations, the rotational contributions to diffusion (Eq. 3) are taken to be the same as for the rigid-body docked model calculation. The difference with the previous docked calculation is thus solely that, in this second docked model calculation, we employ the mobility tensor for a protein with an internal mode between the PDZ1 and PDZ2 domains, rather than a rigid-body mobility tensor.
After incorporating interdomain motion between PDZ1 and PDZ2 in the NHERF1$ d FERM complex, the calculated D eff (Q) with internal motion agrees well with the NSE results (Fig. 3 D) . In particular, the docked calculation with the internal mode mobility tensor generates a peak at a Q value of 0.07 Å À1 in Fig. 3 D, which agrees well with the NSE results. For the NHERF1$ h FERM complex, there is also better agreement between the experimental data and the calculation after incorporating interdomain motion between PDZ1 and PDZ2 (Fig. 3 D) . Nevertheless, we note that, for the docked NHERF1$ h FERM complex, the computed D 0 at Q ¼ 0 is not close to the experimental values from PFG NMR measurement. As pointed out above, we attribute this discrepancy to large conformational fluctuations in the CT-FERM region caused by the unfolding of the CT domain upon binding to FERM (17) , which cannot be represented by a single reconstructed SANS structure shown in Fig. 3 
A simple four-point model describes domain motion
The simple calculations we presented above require only the structural coordinates and a single constraint (the diffusion constant at Q ¼ 0 Å À1 for the deuterated complex, measured independently by PFG NMR) to generate the computed D eff (Q). It is possible to argue, however, that the structural coordinates are insufficiently accurate to explain the NSE data, or that some coincidental artifact produces the peak at 0.07 Å À1 that implies internal motion. We therefore introduce an even more simplified model that yields the same effect, and serves to explain its origin. The simplified model is taken by extracting four points that represent the coordinates of the center-of-mass of domains obtained from the SANS data of the NHERF1$FERM complex. These points form a triangle model as shown in Fig. 4 A with the distances FERM-PDZ2 ¼ 80 Å , PDZ2-PDZ1 ¼ 59 Å , and FERM-PDZ1¼110 Å . The CT domain is taken as being halfway between the FERM and PDZ2 domains (Fig. 4 A) . We include the point representing the FERM domain with a weight factor of 3 to account for its larger size relative to the other domains. Because it is possible to obtain the center-of-mass distances between the domains with confidence even with low-resolution SAXS or SANS data, this model possesses fewer uncertainties than a model based upon the molecular shape.
We first present the calculation of the four-point model representing the deuterated NHERF1$ d FERM and hydrogenated NHERF1$ h FERM complexes. The calculation has one adjustable parameter, the domain translational diffusion constant D T domain , which is chosen to yield the correct value for the diffusion constant D 0 of the deuterated complex (as measured by PFG NMR). For the model with internal motion, the domain diffusion constant is taken the same for the FERM, the CT, and the two PDZ domains. We use D T domain ¼ 2.9 Â 10 À7 cm 2 /s for the domain diffusion constant for both the deuterated and hydrogenated systems. Note that the diffusion constant D T for the individual domains is larger than that for the complex, as expected. Interestingly enough, the diffusion constant for the hydrogenated complex (2.1 Â 10 À7 cm 2 /s) is estimated correctly by this procedure, and is thus an output. The rotational diffusion constant is then estimated using the Stokes formula for a sphere D
and is taken to be identical for all domains. Such an estimate has been shown to be valid for a number of proteins (32) .
In our four-point calculation, we assume that the PDZ1 domain is a separate subunit, and so there is a degree of internal motion in the protein, appearing as translational mode between PDZ1 and PDZ2. The translational mobility tensor for the PDZ1 domain is thus a simple constant, while the FERM, CT, and PDZ2 domains are treated as rigid subunits and thus their translational mobility tensor is a 3Â3 matrix (whose xyz elements are all equal). The rotational mobility tensor is a 4Â4 matrix, taken as the same as a rigid-body. Thus we see that the topological dynamic connectivity of the mobility tensors defines the Q dependence of the effective diffusion constant, while their numerical values largely determine only its overall scale. It is, of course, the connectivity that defines the degree and nature of protein internal motion. Fig. 4 B compares the experimental NSE data with the calculated D eff (Q) from the rigid four-point model for the hydrogenated and the partially deuterated complexes. Fig. 4 C is the D eff (Q) of the four-point model incorporating internal domain motion between PDZ1 and the rest of the complex. After incorporating internal motion, the overall D eff (Q) from the four-point model agrees well with the experimental data for both the partially deuterated and the hydrogenated complexes. There are, however, some oscillations remaining, for we have approximated the domains as point objects.
The comparison between calculation and experimental data improves considerably after including the form factor of a 20 Å radius sphere for the FERM domain and both PDZ domains in the calculation (Fig. 4 D) . Thus, the NSE data is better represented by the four-point model that includes PDZ1-PDZ2 oscillatory motion than by a model that assumes the complex as a rigid-body. Further improvement likely requires the use of methods of evaluating the mobility tensors for proteins with high accuracy.
Moreover, from the four-point model calculations, we note that D eff (Q) for the hydrogenated rigid complex and the hydrogenated complex with internal motion are nearly indistinguishable (Fig. S3 A) . For the deuterated complex, D eff (Q) obtained from the interdomain motion model is significantly different from that of the rigid-body model (Fig. S3 B) . This can be explained as due to the relatively large contribution to Eq. 2 of the effects of rotational diffusion of the overall object, which dominates and obscures the effects of internal motion when no deuteration is performed. For the partially deuterated complex, both the docked domain calculation (Fig. 3) and the four-point model (Fig. 4, B-D) show that D eff (Q) of the rigid-body complex is significantly different from that of the complex with internal domain motion. These analyses demonstrate that deuterium labeling of a domain in a protein or in a protein complex significantly amplifies the effects of internal motion detected by NSE. Our model calculations (Fig. S3,  A and B) suggest that deuterium-labeling a domain can mask a portion of the form factor, and, as a result, highlight the contribution of the terms of internal domain motion in Eq. 2. Thus, we propose that future NSE experiments will benefit by utilizing the strategy of selective deuteration to highlight the domain motion of interest.
Multidomain proteins and protein complexes are complicated systems containing thousands of atoms, and providing precise answers to questions can be done, if at all, by largescale simulations. We demonstrate in this article that the NSE results can be explained by a detailed docked model, as well by a highly simplified four-point model that is independent of the details of the structural model. By doing so, we have systematically reduced the relevant assumptions, making the results of our calculations progressively more certain.
DISCUSSION
The NSE experiments and our analyses demonstrate changes in long-range domain motion in NHERF1 upon binding to the FERM domain of ezrin. We show that selective deuteration of a domain is crucial for NSE to effectively reveal protein domain motion in a protein or protein complex. Remarkably, the activation of interdomain motion in NHERF1 occurs over a distance of~110 Å away from the regulatory ezrin-binding site. The timescales of the domain motion as probed by NSE is 10-50 ns, and the amplitude of the domain motion can be estimated by the equipartition theorem (21) to be~10 Å . NHERF1 is an allosteric protein, and the ability of its two PDZ domains to assemble protein complexes is positively controlled by ezrin. Previously, we have correlated structural changes in NHERF1 upon ezrin binding to the induced longrange interdomain allosteric behavior in NHERF1 (14) . Together, these studies show that the propagation of allosteric signals over long distances is correlated with dynamics changes and the activation of interdomain motion on nanosecond-to-submicrosecond timescales.
For NHERF1 alone, the overall dynamics of NHERF1 agrees fairly well with a rigid-body model. The fact that unbound NHERF1 possesses only limited interdomain motion on the length-scale and timescale of the NSE experiments does not contradict our recent NMR studies that uncover a largely disordered C-terminal domain of NHERF1 (17) . The NMR and SAXS studies show that although the CT domain of NHERF1 is largely disordered, CT adopts a collapsed domain conformation that is in close contact with the PDZ2 domain rather than an expanded random coil conformation. Thus, on the length-scales (Q ¼ 0.02-0.2 Å À1 ) and timescales probed by the NSE experiments, NHERF1 alone essentially behaves like a rigid-body. Other quasielastic neutron scattering techniques such as time-of-flight and backscattering could be employed to provide information about the dynamics in the disordered CT domain at short length-scales (33) (34) (35) .
The D eff (Q) of the NHERF1$ d FERM complex is better described by a model that incorporates domain motion between PDZ1 and PDZ2 than by a rigid-body (Fig. 4) . We further show that domain motion between PDZ1 and PDZ2 can well be described by a simple four-point model. The calculations that we have outlined here could be generalized to arbitrarily complex internal motions, each of which will produce a distinct Q-dependent signature in the effective diffusion constant. Thus, NSE allows one to separate and identify the various internal domain motions of a protein.
The D eff (Q) of the hydrogenated NHERF1$ h NHERF1 complex is also better described by a model that incorporates domain motion between PDZ1 and PDZ2 than by a rigid-body (Fig. 4) . Nevertheless, unlike the NHERF1$ d NHERF1 complex, the analysis of the NSE results is complicated by the uncertainty of the coordinates (or large-scale motion) of the FERM domain reconstructed from SANS, due to the highly flexible and fluctuating nature of the CT domain that connects PDZ2 and FERM domain. In the complex, the CT domain becomes largely unfolded, and is thus an ensemble of highly fluctuating structures (14, 17) . Additional complications might come from the relative subdomain motion with the FERM domain. Future work could employ selective deuteration of the PDZ1 domain to highlight the domain motions in the PDZ2-CT-FERM region for NSE study.
NHERF1 is a multidomain scaffolding protein that assembles membrane protein clusters, regulates the dynamic trafficking of receptors and ion channels, and organizes protein-protein interactions that influence multiple cell signaling pathways. As we proposed in an earlier study, the allosteric regulation of NHERF1 by ezrin to assemble membrane protein complexes could provide a means to effectively control the strength and duration of signaling at the membrane-cytoskeleton (14) . Besides propagating allosteric signals, the long-range activated interdomain motions in NHERF1 may serve other functional roles during the assembly of macromolecular complexes. The activated interdomain motion may allow the PDZ domains to sample certain conformational space and to search the target membrane proteins effectively (36) .
Protein motion plays several fundamental roles in protein function, from transmitting the flow of energy and allosteric signals to shuttling a protein via biased routes on the energy landscape for folding and catalysis (37) . The timescales of protein motion span from picoseconds to seconds, and the length-scales range from local Å ngstrom motion to nanometer global motion (38) . Understanding nanoscale protein motions is essential, for thermal fluctuations on fast timescales, such as on picosecond-to-nanosecond timescales, ultimately inspire and dictate the kinetics of large conformational changes necessary for protein function (21, 33, 34, 39, 40) . Our NSE study demonstrates the activation of long-range coupled domain motion on submicrosecond and on nanometer lengthscales, which influences the long-range allosteric couplings of the different functional domains for binding to target proteins. Remarkably, the changes in protein domain motion are associated with propagating allosteric signals from a binding site to a remote domain that is a distance of 110 Å away.
We have found that the long-range domain motions in the adaptor proteins, which are in the nanospatial-temporal regime, relay signals between the F-actin cytoskeletal network and the cell membranes, and exercise control of the assembly of protein complexes in the cell membrane. However, such protein motion on nanoscales is, at best, difficult to observe by other experimental techniques. The deuterium labeling approach and the theoretical analyses that we presented here therefore should pave the way for using NSE to study protein motions in multidomain proteins. We expect NSE to fill an important nanoscale spatial-temporal gap in our ability to characterize protein motion and function. 
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